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the procurement of SVG is a factor contributing to negative remodeling.
Our laboratory, the Division of Cardiac and Thoracic Surgery at the University of Arizona, has established the use of optical coherence tomography (OCT) and computed tomographic angiography (CTA) as highresolution tools for identifying injury within the bypass conduit intraoperatively and monitoring the patency and luminal diameter of SVG after grafting. To test the hypothesis that problems with EVH may relate to its learning curve, we used these tools to analyze whether the degree of SVG injury after the procurement of these grafts influenced the patency and vascular function of the resulting conduits.
Material and Methods

Patient Enrollment
Approval was obtained from the institutional review boards at two institutions for a prospective observational study of patients undergoing isolated CABG. The inclusion criterion for this subset analysis was EVH during CABG. Exclusion criteria were the inability to obtain follow-up CTA because of a serum creatinine concentration above 2.0 mg/dL, allergy to radiographic contrast medium, CABG done on an emergency basis, or a prior bleeding diathesis. Demographic data, preoperative risk factors and medications, and intraoperative and postoperative data for the study patient population were imported prospectively into a relational database. All of the patients in the study provided prospective informed consent for their participation.
Surgical Technique
All patients underwent off-pump CABG via median sternotomy done by a single surgeon. All EVH procedures were performed concurrently with harvesting of the left internal mammary vein by physician assistants (PA) using standardized technique (VasoView 6.0, Maquet Corp, Wayne, NJ). A heparin bolus was given to each patient before insufflation with CO 2 at a pressure of 10 to 12 mm Hg in the perivenous tunnel created endoscopically using the dissection tip. Venous branches were divided with bipolar electrocautery at a setting of 20 W. Proximal ligation of the saphenous vein was performed through a separate stab incision. At the beginning of the study, the PAs performing EVH were separated into a novice group (n ϭ 5) who had done EVH in fewer than 100 prior cases at a frequency of fewer than 3 cases per month and an expert group (n ϭ 2) who had done EVH in more than 900 prior cases at a frequency of more than 30 cases per month.
After grafting, blood flow was measured in each SVG through the use of transit-time ultrasonography (Medistim, Oslo, Norway). Mean shear stress was calculated for each conduit according to the Hagen-Poiseuille formula, Tw ϭ 4Q/r 3 , where Tw is shear stress in dynes/cm 2 ; Q is the mean volumetric flow; is the viscosity of blood, which was assumed to be 0.035 poise [13] ; and r is the luminal radius in centimeters, as measured through OCT imaging with the SVG distended to 100 mm Hg pressure.
Intraoperative Image Acquisition and Analysis
After being harvested, conduits were cannulated on a sterile back table with a Y-adapter of 0.118-inch ID (Gateway TM Plus Y-Adapter, Boston Scientific, Natick, MA) to allow flushing with a Plasma-Lyte solution (Baxter International, Deerfield, IL) containing heparin, glyceryl trinitrate, and verapamil at a controlled pressure of 100 mm Hg. A size 1F OCT catheter (Image Wire, Light Lab Imaging, Westford, MA) was inserted into the lumen of the SVG and images were acquired during a manual pullback of the catheter at a rate of 1mm/s. Because the OCT wire emits a red light that was easily visualized through the vessel wall, the location of the wire can be identified in real time so that portions of the conduit identified as abnormal can be registered to the portions chosen (or excluded) from grafting.
A technician in the operating room acquired the OCT data, which were also used for intraoperative imageguided biopsy. Two separate technicians, who were blinded to their group assignment, analyzed each OCT image independently after the CABG operation. Conduit injury during procurement was categorized as isolated to the intima and minor when the resulting abnormality was restricted to the ostium of branch points, or as severe when the intimal injury involved the luminal surface. Deep-vessel injury was diagnosed with OCT when a separation of the intimal layer from the medial or adventitial layer of the harvested vessel was noted (with or without an intimal tear). Adventitial injury was diagnosed as discontinuity in the external elastic lamina. A composite injury score was calculated as the sum of all discrete injuries noted within each conduit.
Image-guided biopsy specimens were obtained from the affected vessel segments, frozen in cutting compound (Tissue-Tek O.C.T., Redding, CA), and sectioned at 5 m. The specimens were stained with a mouse monoclonal antibody to CD31 (anti-CD31/PECAM-1 MAb, mouse IgG1, R&D Systems, Minneapolis, MN) to determine endothelial integrity using previously described histochemical techniques [14] , or with Verhoeff's stain to assess vascular architecture. The external elastic lamina was identified as a thick layer of elastic fibers immediately adjacent to the media. Adventitia was defined as the 
Analysis of Graft Function
Cardiac CTA was done with a 64-multidetector computed tomographic (MDCT) scanner (Philips Medical Systems, Andover, MA) on postoperative day 5, and was interpreted by a thoracic radiologist using axial and reconstructed curved planar images. Saphenous vein graft patency was defined as any blood flow through the length of the graft regardless of the presence of stenosis [15] . Conduit diameter was calculated intraoperatively (with OCT) and on postoperative day 5 and at 6 months (with CTA) after CABG by obtaining the mean of three separate measurements made on the proximal, middle, and distal segments of the portion of conduit used for grafting. Positive and negative remodeling were defined as a postoperative mean SVG diameter that was greater or smaller, respectively, than the baseline diameter of the respective graft as determined with intraoperative OCT.
RNA Extraction and Reverse Transcription
Total 
Gene Array for Quantitative Polymerase Chain Reaction
The tissue stress-response array test was done with the ABI 7500 Fast Real-Time PCR system (Applied Biosystems, Foster City, CA) according to the manufacturer's instructions (Qiagen, Valencia, CA; Lonza, Walkersville, MD). Raw data on tissue stress-response were collected as cycle threshold (Ct) values that were then normalized with housekeeping genes used as the expression background. Subgroup analysis was done on the basis of whether the vessel from which the biopsy was derived showed evidence of positive or negative remodeling, and according to the severity of injury noted in other portions of the vessel with OCT. Regression analysis was also done, to determine the correlations between the endpoints described above and the expression levels of each gene studied.
Statistical Analysis
The primary endpoint of the study was to establish a level of injury during graft procurement with EVH that was likely to have a significant effect on the vascular function of patent bypass conduits. Baseline and perioperative variables for patients assigned to the two study groups were compared with the use of Student's t test for continuous variables and the 2 test for categorical variables. On the basis of findings in previous studies of early vein remodeling, we included shear [16] , serum lipids [17] , endothelial integrity [18] , and the expression of tissue-injury marker genes as candidate predictors of such remodeling. Single and multivariate binary and logistic regression analyses were done to determine predictive relationships among variables.
The accuracy of OCT-based diagnoses of vascular injury was validated through histopathologic analysis of corresponding regions of interest based on OCT examinations, and by determining interobserver agreement through the use of Cohen's kappa coefficient. Statistical analysis was done with SPSS version 17.0 (SPSS, Chicago, IL); significance was set at p Ͻ 0.05. Patients who received SVG harvested by the novice and expert groups had similar baseline characteristics, comorbidities, and early and late postoperative outcomes (data not shown), with the exception of the incidence of unstable angina, which was greater among patients whose SVG were harvested by the expert group (68.09% vs 26.67%, expert vs novice group, respectively, p Ͻ 0.001). Notably, the rate of graft attrition was similar for SVG harvested by the novice and expert groups (6.45% vs 4.34% loss at 5 days, novice vs expert group, respectively, p ϭ 0.552).
Results
Experience With Endoscopic Venous Harvesting
Conduit Injury
Intimal injury around the ostia of conduit branch points (2.48 vs 1.76 injuries per conduit, novice vs expert group, respectively, p ϭ 0.02) and disruption of the external elastic lamina (5.37 vs 3.31 injuries per conduit, novice vs expert group, respectively, p ϭ 0.014) were more frequent findings with SVG harvested by the novice group than with those harvested by the expert group. This resulted in a significantly higher composite injury score for the novice than for the expert group (injuries per conduit, 7.77 Ϯ 5.28 vs 5.11 Ϯ 3.71, mean Ϯ standard deviation, p ϭ 0.009) as well as significantly higher numbers of adventitial injuries (5.37 Ϯ 4.33 vs 3.31 Ϯ 3.13, p ϭ 0.014).
As compared with a normal SVG, in which the adventitia constitutes the bulk of the vascular wall, there was complete removal of a segment of adventitia extending for 7 cm along the most severely injured conduit in an SVG harvested by the novice group (Fig 1) . Less severe instances of adventitial injury included minor separations of the adventitia from the media, associated with focal disruption of the external elastic lamina. 
Validation of OCT Findings
Relationship Between Shear and Early Dilation
There was a strong relationship between the magnitude of shear force at the time of anastomosis in CABG and the change in vessel diameter (positive remodeling) at 5 days postoperatively (R 2 ϭ 0.48, p Ͻ 0.001) (Fig 2) .
Relationship Between Graft Injury and Function
We demonstrated injury scores of 4 or more for the SVG of 16 patients. The baseline clinical parameters of this group were similar to those of the remaining patients who received SVG but had fewer than 4 discrete injuries ( Table 1 
was greater in the subgroup of patients whose grafts demonstrated 4 or more injuries, trending toward significance (Table 2).
Predictors of the luminal diameter of SVG at 6 months included the degree of intimal injury noted intraoperatively (R ϭ Ϫ0.744, p ϭ 0.041), the baseline intimal thickness of a graft on histologic examination (R ϭ Ϫ0.58, p ϭ 0.002), and the degree of positive remodeling on postoperative day 5 (R ϭ 0.940, p ϭ 0.005) (Fig 3) .
Comment
Prior studies have demonstrated a variety of histopathologic abnormalities in SVG harvested through EVH [19] , but have failed to address whether these abnormalities influence the performance of the harvested vessel as a bypass graft. Our study utilized high-resolution OCT and CTA imaging to identify graft injury within the grafted portion of SVG and to postoperatively follow serial changes in the diameter of the conduit created with the graft. The design of the study allowed a link to be established between severe vascular injury (ie, 4 or more discrete injuries) and abnormal positive remodeling of grafts over the first 5 days after CABG. Saphenous vein grafts spared from injury showed a strong correlation between the calculated intraluminal shear and the degree of graft dilation measured on day 5. In contrast, injured SVG showed little or no vasodilatory response to shear and showed a strong trend toward a greater risk of late lumen loss, or negative remodeling, at 6 months. Lumen loss of grafts within the first year after CABG is critical, because grafts with smaller luminal diameters are more prone to late graft failure [20] .
Early positive remodeling occurs in SVG when nitric oxide, prostacyclins, and matrix metalloproteinases are produced locally in response to a chronic increase in intraluminal shear stress in the graft [16, 21] . Animal and clinical studies demonstrate that positive remodeling requires intact endothelium [18, 22] and correlates with improved long-term SVG patency [13] . Impairment of this remodeling response has been attributed to trauma as well as to biochemical and morphologic changes within the graft [16] . To increase their elastic modulus in response to an increase in wall tension, SVG develop wall thickening and stiffening [13, 23] . However, narrowing of the SVG lumen within the first year after CABG is predominantly caused by negative remodeling of the entire vessel rather than by changes in wall thickness and stiffness [10] . Evidence suggests that adventitial injury and the subsequent fibrotic scar response at the site of injury are critical steps in the pathogenesis of negative remodeling of grafts after CABG [24 -26] . We documented that the vascular and adventitial injury noted in our SVG were associated with the increased expression of genes linked to tissue injury and to a remodeling response (Table 3) , corroborating the importance of adventitial injury and a fibrotic scar response in the negative postoperative remodeling of grafts. As the outermost layer of the vein, the adventitia is exposed to injury by EVH, particularly when novice technicians perform the initial blunt dissection step in this procedure. The ability to insure that the perivascular and adventitial tissues are fully preserved with EVH stands in stark contrast to the open, "no touch" technique of harvesting espoused by Souza and colleagues [11, 12] . Their technique describes the procurement of a full pedicle of fatty tissue completely encircling the vein without dissection of the vessel wall itself. With this as the gold standard for comparison, it is clear that the use of EVH to minimize graft injury so as to procure venous conduits with normal postoperative function requires that the technicians doing the harvesting acquire a higher degree of technical mastery than previously estimated.
Indeed, we confirm that technician inexperience increased the risk of abnormalities in the quality and function of vascular conduits procured by EVH. As compared with those harvested by the expert group of PAs in our study, veins harvested by the novice group had significantly more tears identified in their intimal and deep vascular layers. Moreover, the positive remodeling response induced by shear was significantly blunted in veins procured by novices as compared with those procured by the experienced group of PAs in our study. We have demonstrated that the degree of injury sustained by a graft affects its function and early patency [27] . These findings support our hypothesis that the learning curve for EVH influences the quality and function of bypass conduits, and warrant further study to more fully characterize this learning curve.
The strengths of our study were that unlike all prior analyses of the effect of EVH on conduit quality, it quantified injury within the portion of conduit that was chosen for grafting. Previous studies have used sampling of discarded graft material for histologic and microscopic analysis. However, such studies are limited in their ability to permit conclusions that can be generalized to the rest of the graft because they use only a small portion of vessel, and presumably one that is disproportionately poor in quality as compared with the rest of the graft. By comparison, we noted no differences in our two study groups as assessed with the standard learning-curve metrics of the time needed to complete EVH, the number of sutures required for repair of the harvested vein, and the need to convert from EVH to an open harvesting technique. Additionally, our analysis of messenger RNA expression provided evidence that the injury observed in SVG was associated with changes in the cellular biology of the vessel and was not simply an incidental finding.
Our study was limited by its small cohort size and lack of use of conventional angiography for confirming our perioperative findings with OCT and CTA. Without this gold standard we consider the results of our work to be a proof of concept rather than an exhaustive validation of our study protocol. However, defining the natural history and clinical importance of early SVG injury has remained elusive, largely because of the inconvenience of performing serial invasive angiography. In view of the variety of clinical advantages of serial imaging with OCT and CTA, future clinical research that incorporates their use may provide a renewed opportunity to make progress with this type of analysis. DR KIANI: Thank you for that question. I will answer your second question first. The novice harvesters were harvesters that we defined at our institution as physician assistants (PA) that had fewer than 100 cases of experience, and the expert harvesters were those that had over 900 or close to 1,000 cases.
In terms of shortening the learning curve for EVH, our study is a cross-sectional analysis of what is happening with the learning curve: a snapshot in time. I think the first thing that would be interesting and useful to do would be to study the actual learning curve so as to be able to describe it further; perhaps through a longitudinal study that follows novice PA through their learning curve and therefore enables us to characterize it further before we make any specific recommendations about the pedagogy.
I do think that the one conclusion that we at our institution have been able to draw is that although conventional wisdom tells us that about 20 or 30 cases is enough to get a harvester through the novice phase, at least 100 cases are needed to attain proficiency in harvesting. However, I think that to really define this, we need to look at a larger number of harvesters throughout the course of their learning curves, and perhaps use a cumulative sum control chart analysis to characterize the outcomes.
